Immunocytochemical evidence for localized distribution of the Na+/Ca 2+ exchange protein in nerve terminals of cultured hippocampal cells is presented together with results on the functional relevance of the exchanger in the control of [Ca2+]~ and of synaptic vesicle recycling. The monoclonal antibody R3F1, directed against an epitope on the intracellular loop of the protein, revealed higher densities of expression in synaptic regions than in other parts of the neurons. Removal of extracellular Na + produced enhanced and prolonged elevation of [Ca2+]~ in nerve terminals during and after electrical stimulation of the cells. Correspondingly, initial rates of exocytosis, measured by fluorescence changes of FM1-43 during stimulation, were faster in LiCl-containing solution than in NaCIcontaining solution. By contrast, endocytosis at 20 s was the same in both solutions.
Introduction
influx of Ca 2+ into presynaptic nerve terminals during excitation is known to trigger exocytosis of neurotransmittercontaining vesicles (Katz, 1969; Zucker, 1993; Burgoyne and Morgan, 1995) . For a brief period, the Ca 2+ concentration ([Ca2+] i) in the nerve terminal may rise to several hundred micromolar to initiate fast exocytosis (Llinas et al., 1992; Heidelberger et al., 1994) . Multiple types of Ca 2+ channel that have been studied in considerable detail are involved in this process (e.g., Wheeler et al., 1994; Wu and Saggau, 1994; Reuter, 1995) . At the end of an excitatory episode, different Ca 2+ transporters, such as plasmalemmal Na+/Ca 2+ exchange and Ca2+-ATPases in the plasma membrane and in intracellular Ca 2+ stores, seem to act together to remove Ca 2+ from the cytosol in somata and dendrites (for neocortical pyramidal neurons, see Markram et al., 1995) . Our paper deals with a detailed study of the role of the Na+/Ca 2+ exchanger in regulating [Ca2+]~ and vesicle recycling in intact nerve terminals.
Na+/Ca 2+ exchange, first discovered in heart muscle (Reuter and Seitz, 1968) and squid axon (Blaustein and Hodgkin, 1969) , is a powerful high capacity, low affinity Ca 2+ transport system driven by the electrochemical Na + gradient across the membrane. Several isoforms of this transporter have been cloned and sequenced (Nicoll et al., 1990; Furman et al., 1993; Low et al,, 1993; Li et al., 1994) . On the functional side, Na+/Ca 2+ exchange has been shown to be involved in the regulation of [Ca2+] i in brain synaptosomes (Blaustein and Oborn, 1975; Gill et al., 1981; Sanchez-Armass and Blaustein, 1987) and in the somata of some neurons (Benham et al., 1992; Tatsumi and Katayama, 1993; Mironov et al., 1993) but not of others (Bleakman et al., 1993; Kennedy and Thomas, 1995) . However, little is known about the localization and function of the Na÷/Ca 2+ exchanger in nerve terminals of intact neurons.
We now report immunocytochemical evidence for the existence and localization of the Na+/Ca 2÷ exchanger in hippocampal cells in culture. We found enrichment of the exchanger in nerve terminals. In addition, we have studied the functional importance of the exchanger for regulation of [Ca2+]~ and for exo-and endocytosis of synaptic vesicles in individual boutons. Na+/Ca 2+ exchange plays an important role in the control of [Ca2+]~ and of exocytosis in these neuronal compartments.
Results

Immunohistochemical Evidence for the Na+/Ca 2+ Exchanger
We have used the monoclonal antibody R3F1, which binds with high affinity to an epitope on the large cytoplasmic loop connecting putative transmembrane segments 5 and 6 of the exchanger (Porzig et al., 1993) . The antibody was localized in five hippocampal cell cultures (days 14-22) using a fluorescein-labeled secondary antibody directed against mouse immunoglobulin. The fluorescence intensity was scan ned in different planes of focus (0.5 p~m steps) of the cells. Figure 1 shows that high fluorescence intensity could be seen in neurites and at the outer surface of cell bodies, indicating the presence of the Na+/Ca 2+ exchanger protein at the cell membrane. However, in all planes of focus, the fluorescence intensity of the antibody was not homogeneously distributed in the dendrites, while it appeared more uniform at the outer edge of the cell bodies. Punctate labeling in dendrites may result from higher densities of the exchanger protein in synaptic boutons. This is suggested by the results shown in Figure 2 . Presynaptic boutons were first labeled with FM1-43 by electrical stimulation (20 Hz, 20 s). After washing, the remaining fluorescent puncta in Figure 2A could be identified as functional nerve terminals by the release of FM1-43 during a second stimulation period (20 Hz, 50 s) in dye-free solution (Betz et al., 1992; Reuter, 1995; Ryan and Smith, 1995) . The fluorescent puncta colocalize with synapsin I (Ryan et al., 1993) . After the release of FM 1-43, the cells were fixed, permeabilized, and labeled with the antibody R3FI. In 43 out of 65 of the identified synapses, antibody fluorescence was higher than in the dendrites. This is shown for two planes of focus in Figures 2B and 2C . Possible disruption of some of the structures during fixation may explain the fact that correspondence is not perfect. The control for nonspecific labeling of mouse IgG is shown in Figure 2D . Functional Evidence for Na*/Ca 2+ Exchange Outward transport of Ca 2+ ions by the Na÷/Ca 2+ exchanger is inhibited when extracellular Na + is replaced by Li + (Reuter and Seitz, 1968; Blaustein and Hodgkin, 1969) . Such a replacement should, therefore, lead to an increase in [Ca2+] i. This prediction was tested using fluo-3 as a Ca 2+ indicator in cultured hippocampal cells. Presynaptic boutons ( Figure 2A ) were identified by uptake and release of the fluorescent marker FM1-43 during electrical stimulation of the cells. Fluo-3 fluorescence changes were measured at these identified sites. Figure  3 shows fluo-3 signals at 4 such synapses in a hippocampal cell culture. Postsynaptic Ca 2+ influx through N-methyl-D-aspartate (NMDA) or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) channels had been blocked by R(-)-2-amino-5-phosphonopentanoic acid (D-AP5; 25 y.M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 I~M), respectively. During electrical stimulation of the cells for 6 s at 20 Hz in NaCI-containing solution, fluo-3 fluorescence increased 2-to 5-fold and returned to baseline within about 3-5 s. Subsequently, the cells were superfused with a Na~-free, LiCI-containing medium. After a 35 s incubation in this medium, another 6 s stimulation period produced larger increases in fluo-3 fluorescence than the preceding ones in NaCI solution. Moreover, in the Nat-free medium, fluo-3 fluorescence decreased either very slowly (upper 2 boutons) or incompletely after an initial fast reduction (lower 2 boutons). Readdition of NaCI solution caused a rapid decrease of the fluorescence to baseline in all synapses. This experiment shows that there is considerable variability between individual synaptic boutons of Ca 2+ responses in Na÷-free solution. The 4 boutons in Figure 3 were from different cells in the field of view, but even neighboring boutons, presumably in the same dendrites, showed a similar variability. In a few synapses, the initial change of [Ca2÷]~ in LiCI solution was even slightly smaller than in NaCI solution. However, in all instances the rate of decrease of [Ca2+]~ after electrical stimulation was mark- edly slower than in Na+-containing solution. Similar results were obtained in ten dishes from different cultures. Averaged fluorescence traces indicated that removal of extracellular Na ÷ had little effect on [Ca2+], in resting cells (data not shown). Inhibition of the Na+,K+-ATPase by ouabain leads to a rise in [Na+]i. Under this condition, removal of extracellular Na + promotes Ca 2+ uptake into the cell via the exchange mechanism, due to reversal of the Na + gradient (Baker, 1972) . After hippocampal cells had been incubated for about 5 min in a solution containing ouabain (50 #M), replacement of Na + by Li + caused a slow increase of fluo-3 fluorescence and, hence, of [Ca21~ in dendrites and cell bodies, even without stimulation ( Figure 4C ). This was observed in four hippocampal cultures.
These results demonstrate the functional importance of the Na+/Ca 2÷ exchanger for the regulation of [Ca2~]~ in hippocampal neurons.
In two cell cultures, thapsigargin (800 nM) was added tothe bathing medium. The inhibition of endoplasmic Ca 2'-ATPases by this drug caused a fluorescence increase in the neuronal cell bodies but resulted in little or no change in the dendrites. Fluo-3 fluorescence changes in dendritic synaptic regions during electrical stimulation in Na +-containing and Na+-free solutions, such as those in Figure  3 , were not affected by the drug (data not shown). This indicates that intracellular Ca 2÷ stores do not contribute significantly to the regulation of [Ca2'], in dendritic synaptic boutons, though they may be important in neuronal cell bodies.
Effect of Na+/Ca 2+ Exchange on Synaptic Vesicle Recycling
When the Na+/Ca 2+ exchanger operated in the reversed mode in ouabain-containing, Na+-free solution, spontaneous release of FM1-43 from synaptic boutons occurred ( Figures 4A and 4B ). The release of the fluorescent dye indicates exocytosis of synaptic vesicles that had taken up the dye during a preceding period of electrical stimulation (Betz et al., 1992; Reuter, 1995; Ryan and Smith, 1995) . The time course of spontaneous exocytosis was rather heterogeneous between individual boutons. This is shown for 2 boutons in Figure 4A . Moreover, spontaneous release of FM1-43 in ouabain-containing LiCI solution was incomplete, and electrical stimulation (20 Hz) caused further release. This can be seen for an average of 14 boutons in Figure 4B , together with corresponding changes in fluo-3 fluorescence in Figure 4C . These results demonstrate that changes in [Ca2+]~, due to reversed operation of the Na+/ Ca 2÷ exchanger, are sufficient to induce spontaneous exocytosis of synaptic vesicles. The experiment illustrated in Figures 4B and 4C also shows that the neurons retain excitability under these conditions.
Even in the absence of ouabain, action potential- Figure 5A shows the release of FM1-43 from the same synaptic bouton during electrical stimulation (20 Hz) in NaCI-and LiCI-containing solutions• FM1-43 was loaded twice into the vesicles during two identical periods of electrical stimulation (20 Hz, 20 s) in NaCI-containing solution• The release of the dye in LiCI solution, when NaVCa 2+ exchange was inhibited, was faster than that in NaCI solution. This corresponds to the larger increase of [Ca2÷]~ under this condition (see Figure 3) . If the dye was unloaded twice into NaCI solution, no difference in the rate of release could be seen ( Figure 5B ) (Reuter, 1995) • In a minority of synapses, FM1-43 release was partially inhibited in LiCI solution• This is shown in Figure 5B for . Inhibition of Na+ICa 2+ Exchange Reversibly Accelerates Evoked Exocytosis Three periods of stimulation (stim.) induced exocytosis measured by FM 1-43 release from 9 presynaptic boutons (averages). After loading of the dye into the boutons, it was released by electrical stimulation (20 Hz; stim.) into NaCI solution (upper curve; first control). Subsequent loadings were followed by release of FMI-43 into LiCI (middle) and NaCI (lower curve) solutions (second control). Rates of release are indicated by straight lines and correspond to 0.0361s, 0.0621s, and 0.0331s, respectively. action potentials. The inset in Figure 7A shows the experimental protocol. In the first series, a 20 Hz stimulation period (5 s) was started at the same time (At = 0 s) that FM1-43 (20 I~M) was added for 2 min to the perfusion medium. Afterwards, the cells were washed in dye-free solution for about 3 min. The dye that was taken up into vesicles in presynaptic boutons was subsequently released during another 50 s period of stimulation ( Figure  7A , closed squares). When FM1-43 was added 20 s after the beginning of the 5 s stimulation period (At = 20 s), less dye was taken up during 2 min, presumably because some of the synaptic vesicles had already been retrieved ( Figure 7A , open squares). The differences in FM1-43 fluorescence between the two curves in Figure 7A indicate the relative number of vesicles endocytosed during the 20 s time interval between the two dye-loading procedures. In the same boutons, this protocol was then repeated in solution containing LiCI instead of NaCI. There was no difference in endocytosis measured in 33 boutons in both solutions (see Figure 6B ). The amount of dye taken up into the vesicular pool was the same in NaCI-and LiCIcontaining solutions. This was judged by the absolute FM1-43 fluorescence intensity in individual synaptic boutons.
Discussion
Our results provide immunocytochemical evidence for the preferential localization of the Na÷/Ca 2÷ exchanger in synaptic regions of dendrites and for the functional signifi-cance of this transport system. The Na+/Ca 2+ exchange protein of dog heart was first cloned and sequenced by Nicoll et al. (1990) . The protein consists of 938 amino acids with 11 putative transmembrane regions and a large hydrophilic domain between segments 5 and 6 facing the cytoplasm. Two isoforms of the exchanger were isolated from a rat hippocampus cDNA library. They were cloned, sequenced, and functionally expressed in HeLa cells (Furman et al., 1993) . The heart and brain Na+/Ca 2÷ exchangers show more than 90% sequence identity. Another exchanger protein in the brain, coded for by a different gene, shows only 60% identity with the dog heart exchanger (Li et al., 1994) . The monoclonal antibody R3F1 is directed against an epitope on the long hydrophilic loop (Porzig et al., 1993) that is common to all these isoforms. Although immunofluorescence does not allow quantitative estimates of the number of transport sites, the higher fluorescence intensity in synaptic terminals, as opposed to dendritic shafts, indicates a high level of expression of the NaVCa 2' exchanger at these sites. This argues for an important regulatory role in the control of [Ca2+],. The high concentrations of Ca 2+ achieved in nerve terminals during excitation (Llinas et al., 1992; Heidelberger et al., 1994) need to be reduced quickly after cessation of action potential activity. This requires an effective Ca 2+-extrusion system. The high transport capacity of the Na+/ Ca 2÷ exchanger (Carafoli, 1987) is well suited for this task. The efficiency of this transport system in regulating local changes in [Ca2+]~ has been demonstrated at the level of individual synapses in our study. Although some heterogeneity of responses of different synapses to removal of extracellular Na ÷ has been observed, a slowing of the fall of [CaZ+]~ after stimulation could be seen in all synapses. A slow phase of decay became particularly prominent under this condition. This agrees with the results of Mironov et al. (1993) in chick sensory neurons. However, the rapid initial decrease of [Ca2+]~ that persisted in many nerve terminals in the absence of extracellular Na + strongly suggests that other Ca2+-sequestration systems are also involved. Intracellular Ca 2+ stores do not seem to play a major role in Ca 2÷ sequestration, since high concentrations of thapsigargin had little effect on [Ca2+]i in nerve terminals in the presence or absence of extracellular NaL Diffusion of Ca 2÷ into the dendritic shaft and Ca2+-ATPases in the plasma membrane could account for the initial rapid decay of [Ca2+],.
Replacement of NaCI by LiCI could have affected phosphoinositide metabolism and, hence, release of Ca 2+ by IP3 from intracellular stores (Berridge and Irvine, 1984 ). An increase in IP3 levels by LiCI, however, seems to require additional activation of phospholipase C by hormones or drugs (van Calker et al., 1987) . Moreover, in our study, rise and fall of [Ca2~]~ in presynaptic boutons were independent of intracellular Ca 2÷ stores, as shown by the experiments with thapsigargin.
The reversible increase in the rate of exocytosis that we have seen when NaCI was replaced by LiCI in the external medium is consistent with the observed effects on [Ca2+]i. There is one puzzling observation, however, that we cannot explain at present. In a minority of nerve terminals (about 10%), there was a marked inhibition of FM1-43 release in LiCI solution. This inhibition was fully reversible in NaCI solution (see Figure 5B) . Failure of conduction of action potentials is not a likely explanation for these results, since [Ca2+]i remained high in all parts of the neuron during electrical stimulation. Whether docking and/or fusion of vesicles are changed by removal of Na + in these terminals remains to be seen.
Although we have not studied the entire time course of endocytosis in Na+-containing and Na+-free solutions, there was no difference after a 20 s recycling period, at which time about 35% of the exocytosed vesicular pool was endocytosed again (also see Ryan et al., 1993; Ryan and Smith, 1995) . This result differs from that of von Gersdorff and Matthews (1994) , who showed that elevated [Ca2+]~ inhibits endocytosis in bipolar ribbon synapses of the retina. The regulatory mechanism for endocytosis in the two types of nerve terminal may not be the same.
In conclusion, our results show a high density of the Na+/Ca 2+ exchange protein in synaptic terminals of CA1-CA3 hippocampal cells in culture. Involvement of this Ca 2+ transporter in the functional regulation of [Ca2+]~ and of exocytosis of synaptic vesicles could clearly be demonstrated.
Experimental Procedures Hippocampal Cell Culture
Methods for dissociation of hippocampal neurons from 3-to 5-day-old Sprague-Dawley rats were similar to those described by Malgaroli and Tsien (1992) and Ryan et al. (1993) . In brief, cells from the CA1-CA3 regions of the hippocampus were obtained by incubating small sections of this brain area in a digestion solution containing 3.4 mg/ ml trypsin type XI (Sigma) and 0.9 mg/ml DNase type IV (Sigma). Dissocation of the cells was achieved by gentle mechanical tituration in Ca2+-free Hanks' solution supplemented with 12 mM MgSO4, 0.4 mg/ml DNase, and 3 mg/ml bovine serum albumin (BSA). After centrifugation (80 x g), cells were plated on poly-L-rnithine-coated coverslips at a density of about 100,000/cm 2 within an area confined by a cloning cylinder (5 mm diameter) glued to the coverslip by means of silicon grease (Dow Coming). Minimal essential media (GIBCO or Sigma) were supplemented with 29.2 mg/I glutamax I (Fluka), 6000 mg/I glucose, 25 mg/I insulin, 100 mg/I transferrin (Calbiochem), 5 mg/I gentamycin (Boehringer), and 10% fetal calf serum (GIBCO). Cultures were maintained at 37°C in the incubator, and media were changed every 2-3 days. Cytosine !3-D-arabinofuranoside (3 #M) was usually added on day 2 to inhibit astrocyte growth, fetal calf serum was reduced to 5%, and 2% B-27 supplement (GIBCO) was also added to the medium at that time.
Immunofluorescence Labeling
Using a modified version of the method given in Kieval et al. (1992) , hippocampal cell cultures were first fixed and permeabilized in 95% ethanol at -20°C for 6-7 min. After rehydration in phosphate-buffered saline (PBS), the cells were washed and incubated for 30 min at room temperature in PBS containing 5 mg/ml BSA, 5% fetal calf serum, and 0.2% Tween 20 (PBS/S). We then added the monoclonal antibody R3F1 directed against the Na+/Ca 2" exchange protein (Porzig et al., 1993) at a final concentration of 18.7 I~g/ml and incubated the cultures for 2 hr at 37°C. Controls were exposed to the same concentration of nonspecific mouse IgG. Subsequently, the primary antibody was removed by repeated washings in PBS/S, and secondary labeling was initiated by incubation for 40-60 min at 37°C in a 1:50 dilution in PBS/ S of a fluorescein isothiocyanate-labeled rabbit antibody to mouse immunoglobulin (DACO). Excess fluorescent label was removed by washing in PBS/S and finally in PBS.
Optical Measurements
Hippocampal cell cultures were used 14-22 days after plating. Coverslips were glued with silicon grease on a perspex chamber (volume = 0.3 ml) that permitted constant superfusion of the cultures with saline solution. Platinum electrodes were inserted into the solution, and the chamber was placed on the stage of an inverted microscope (Axiovert 100), which is part of a confocal Laser Scan Microscope (LSM 410, Zeiss AG, Germany). Specimens were viewed with a 40 x 1.3 NA oil-immersion objective (Plan-Neofluar, Zeiss AG) and illuminated through the objective with a 488 nm argon laser. Epifluorescence of FM1-43 was measured through a 515 nm long pass barrier filter and flue-3 (peak fluorescence at 530 nm) through a 515-560 nm filter, both with the pinhole about 10% open. Fluorescence and differential interference contrast pictures were displayed in a split configuration as 512 x 512 pixel images on the screen of a CPU 80 486/33 MHz computer. Time lapse sequences were recorded at scanning rates of 2 or 8 s per image. Data were stored on the computer hard disk (32 MB) and later transferred on a rewritable optical disk (128 MB).
The fluorescent styryl membrane probe FM1-43 (Betz et al., 1992 ) was added to the saline solution (10-20 ~.M) superfusing the cultured cells. After field stimulation at 20 Hz for 20 s, the cells were left in the FM1-43-containing saline for another 2 min to ensure complete endocytosis of synaptic vesicles (Ryan et al., 1993) . This was followed by washing of the cells in normal saline for 3-5 min. To measure changes in [Ca2+] ,, the cells were incubated for 20-30 rain in saline solution containing 10 p.M flue-3 AM. If flue-3 and FM1-43 measurements were made in the same synapses, the cells were first loaded with the Ca 2+ indicator and then with FM1-43. The fluorescence of the styryl dye was much brighter at 515 nm than that of flue-3, so that the latter dye contributed little to background fluorescence. Therefore, flue-3 fluorescence measurements were made before synaptic boutons were labeled with FM 1-43. The analysis of fluorescence was made from data stored on the optical disk. Effectiveness to elicit action potentials by electrical stimulation (20 Hz, 1 ms current pulses, -10 V/cm electric field) was tested using high speed flue-3 fluorescence as a measure of corresponding changes in [Ca2+], in axons, neurites, and cell bodies (Ryan and Smith, 1995) . All fluorescence changes during stimulation could be prevented by the addition of tetrodotoxin (1 p.M) (Reuter, 1995) .
Functional synapses were identified by their release of FM1-43 during electrical stimulation (usually at 20 Hz). These regions of interest were defined as bright fluorescence areas (<1.5 p.m2). Changes in fluorescence intensity in regions of interest before, during, and after stimulation were stored and plotted. When appropriate, data are presented as mean _+ SEM.
The saline solution superfusing the cells during the experiments had the following composition: 135 mM NaCI, 5 mM KCI, 2 mM MgCI2, 2 mM CaCI2, 10 mM HEPES (buffered to pH 7.4), 30 mM glucose. In Na+-free solution, NaCI was replaced by LiCI. Flow rates were adjusted between 0.1 and 3 ml/s. All experiments were done at room temperature (-22°C). In most experiments the AMPA receptor blocker CNQX (5-10 #M), and in some experiments also the NMDA receptor blocker D-AP5 (25 #M) (both from RBI, Natick, MA), was added to the solution. Thapsigargin (Calbiochem) was used at a concentration of 800 nM and ouabain (Boehringer Mannheim) at 50 ~M. FM1-43 and flue-3 were obtained from Molecular Probes.
